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A B S T R A C T   

A series of 1-(4-chlorobenzhydryl) piperazine derivatives 3–10 were synthesized and characterized both spec
troscopically and structurally to investigate their antiproliferative activity associated with the piperazine 
framework. The compounds were screened against seven human cell lines. Analogously, compounds 14–16 were 
prepared from treatment of 2 with 4-((2-aminothiazol-4-yl)amino)phenol (11), 4-((2-aminothiazol-4-yl)phenol 
(12) or 2-amino-5-methoxybenzothiazole (13) in the presence of K2CO3 and KI. Compounds 7 and 10 displayed 
the highest potency, where 7 exhibited an IC50 value of 6.85 μM against the Z-138-non Hodgkin lymphoma 
cancer cell line, and 10 showed IC50 of 7.40 μM against the DND-41 acute lymphoblastic leukemia cancer cell 
line. However, all compounds demonstrated IC50 values ranging from 22.0 to > 100 μM against other tested 
cancer cell lines. These findings suggest that compounds 7 and 10 hold promise as potential lead compounds for 
the development of novel antiproliferative agents. Furthermore, compounds 3–10, and 14–16 were evaluated for 
their antioxidant activity. The study encompassed the molecular docking analysis of compound 7 alongside 
specific amino acids present in Z-138-non-Hodgkin lymphoma (phosphoinositide 3-kinase, protein PI3kδ, PDB: 
4XE0), as well as the docking assessment of compound 10 with the amino acids present in DND-41-acute 
lymphoblastic leukemia (receptor tyrosine phosphatase (PTPRC/CD45, PDB: 1YGR). The molecular dynamics 
simulation as well as the DFT have been performed.   

1. Introduction 

Benzhydryl piperazine derivatives have received significant attention 
due to their diverse biological activities, such as antifungal and antibac
terial [1–4], anticancer agents [5–7], and antihistaminic [8–11] agents. 
Additionally, these compounds display a diverse array of pharmacological 
activities, including antiviral effects [12,13], calcium channel blocking 
capabilities [14–19], and acting as selective dopamine D3 receptor ligands 
[20]. These biological activities are a driving force for the synthetic 

chemists to focus on this important class of condensed benzhydryl 
piperazine scaffold with aliphatic or aromatic precursors. However, drugs 
having benzhydryl piperazines such as cetirizine, cinnarizine, clocinizine, 
cyclizine, meclizine, hydroxozine, and dotarizine can act as antihistamine 
compounds and calcium channel blockers as well as antagonists at the 
5HT2A receptor. On the other hand, some of benzhydryl piperazine de
rivatives exhibited potential activity as anticancer agents. Kumar et al. 
[21] has reported the cytotoxicity of several 1-benzhydryl piperazine 
derivatives substituted with variable sulfonyl chlorides, acid chlorides, 
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and isothiocyanates. These analogues exhibited potent cytotoxicity 
against breast cancer (MCF-7), hepatocellular carcinoma (HepG-2), cervix 
carcinoma (HeLa) and colon carcinoma (HT-29) cell lines. Yarim et al. 
[22] has described the synthesis of 1-(4-substituted-benzoyl)−
4-(4‑chloro-benzhydryl)piperazine derivatives and their effect on the in
hibition of cancer cell lines from liver, breast, colon, gastric, and endo
metrial samples. A series of 1-benzhydryl-sulfonyl-piperazine derivatives 
have been synthesized and evaluated for their efficacy in inhibiting 
MDA-MB-231 breast cancer cell proliferation, where compound 1-benz
hydryl-4-(4‑tert‑butyl‑benzenesulfonyl)-piperazine showed significant 
inhibitory activity [23]. In a study conducted by Gan et al. [24], certain 
benzhydryl derivatives containing imidazole and 1,2,3-triazole moieties 
showed promising activity against the human prostatic carcinoma (PC-3) 
cell line. Similarly, Gurdal et al. [25] investigated the cytotoxicity of de
rivatives of 1-(substituted-benzoyl)− 4-benzhydryl piperazine and 1-[(sub
stituted-phenyl) sulfonyl]− 4-benzhydryl piperazine. Additionally, Razic 
et al. [26] recently reported the synthesis of new 1-benzhydryl 
piperazine-based isoform-selective histone deacetylase (HDAC) in
hibitors. One of these analogues, featuring phenylhydroxamic acid, 
demonstrated selective HDAC6 inhibition with an IC50 value of 30 nM. 
Furthermore, da Silva et al. [27] have reported the in vitro hepatotoxicity 
of ’Legal X’: the combination of 1-benzylpiperazine (BZP) and 1-(m-tri
fluoromethylphenyl)piperazine (TFMPP) triggers oxidative stress, mito
chondrial impairment and apoptosis, meanwhile Valkova et al. [28] 
described the synthesis of novel 1-arylpiperazine derivatives and assessed 
their affinity for 5-HT1A/5-HT2A receptors, noting that one of the ana
logues exhibited a high affinity value. In addition, Murthy et al. [29] 
identified certain benzhydryl piperazine-coupled nitro
benzenesulfonamide hybrids as active compounds against the Mycobac
terium tuberculosis H37Rv strain, displaying low cytotoxicity with a 
selectivity index (SI) greater than 30. A review concerning the synthesis of 
the biomedical synthesis and the biochemical application of benzhydryl 
amines in the pharmaceutical area from 2015 to 2019 has been reported 
by Roy and Panda [30], whereas Shtaiwi et al. [31] investigated the 
binding mechanism of the newly designed benzophenone imine inhibitors 
with the human estrogen receptor to treat the breast cancer. 

In view of such biological properties of benzhydryl piperazine de
rivatives and as our earlier study to develop new anticancer agents 
[32–39], we report herein the synthesis of novel benzhydryl piperazine 
derivatives incorporating sulfa drugs and thiazole derivatives with 
evaluation of their antiproliferative and antioxidant activities, alongside 
a comprehensive study involving molecular docking, density functional 
theory (DFT) analysis, and molecular dynamics simulation. 

2. Experimental section 

2.1. General information 

Melting points were determined on a Mel-Temp device melting point 
apparatus and are uncorrected. The IR spectra were recorded, on FT-IR 
Spectrophotometer (Thermo Nicolet Corp. USA), using KBr discs. 1H and 
13C NMR spectra were recorded on Bruker Avance (400 MHz) (1H) and 
100 MHz (13C) spectrometers, using DMSOd6 solvent containing tetra
methylsilane as an internal standard (chemical shifts in δ in ppm). The 
reactions were monitored by thin layer chromatography, (eluent: 
hexane-EtOAc 4:1), and the spots were visualized by iodine and U.V. 
Microwave supported reactions were performed with microwave cavity 
at 2.4 GHz, temperature from 0 to 300 ◦C in microwave reaction vials 
(2.5 mL) with Teflon septum and an aluminum crimp top. 

2.2. 2-Chloro-1-(4-((4-chlorophenyl)phenylmethyl)piperazin-1-yl)ethan- 
1-one (2) 

To a solution of 1-(4-chlorobenzhydryl)piperazine (1) (500 mg, 1.75 
mmol) and triethylamine (0.20 mL) in dry CH2Cl2 (20 mL) at 0 ◦C was 
added 2‑chloro-acetyl chloride (0.11 mL, 2.62 mmol) dropwise. The 

reaction mixture was stirred at 0 C for 2 h and the stirring was continued 
at room temperature for another 2 h. The reaction was quenched with 
distilled water and extracted with CHCl3 (3 × 30 mL). The organic layer 
was washed with 10 % NH4Cl solution and then water and dried 
(MgSO4). The crude product was purified on SiO2 column (20 g) using 
toluene-ethyl acetate (6:1) as eluent to give 2 (432 mg, 68 %) as light 
brown solid; mp: 88–90 ◦C; Rf = 0.55; FT-IR (KBr, cm− 1): νmax 2980, 
2939 (C–H), 1590 (C=C), 1661 (C=O), 3050 (C–H); 1H NMR (400 
MHz, DMSO‑d6): δ 2.67, 3.64 (m, 8H, Hpiperazine), 4.35 (s, 2H, CH2Cl), 
4.89 (s, 1H, CHbridge), 7.24–7.77 (m, 9H, Harom.); 13C NMR (100 MHz, 
DMSO‑d6): δ 41.4 (CH2Cl), 42.2, 51.3, 51.6 (Cpiperazine), 74.0 (Cbridge), 
126.4 128.3, 129.2, 129.3, 130.1 132.0, 141.3 (Carom.), 165.0 (C-=O). 
Elemental analysis calcd for C19H20Cl2N2O (363.28): C, 62.82; H, 5.55; 
N, 7.71. Found: C, 62.74; H, 5.48; N, 7.63. 

2.3. General procedure for the synthesis of 4-((2-(4-((4-chlorophenyl) 
phenylmethyl)piperazin-1-yl)− 2-oxoethyl)amino)-N-(aryl) 
benzenesulfonamide (3–10) 

A solution of 4-amino-N-aryl-benzenesulfonamide (0.6 mmol) in 
EtOH (5 mL) was added to a stirred solution of 2 (182 mg, 0.50 mmol) in 
dry EtOH (10 mL), followed by the addition of K2CO3 (102 mg, 0.74 
mmol) and a catalytic amount of KI (5.0 mg, 0.03 mmol). The heated 
under reflux for 8 h. After cooling, the mixture was filtered and filtrated 
was evaporated to dryness under reduced pressure. The residue was 
partitioned between CH2Cl2 (3 × 15 mL) and water (15 mL). The com
bined organic layers were dried (Na2SO4), filtered and the filterate was 
evaporated to dryness. The residue was purified on a short column of 
silica gel using hexane-EtOAc (3:2) as eluent to give the pure desired 
product. 

2.3.1. 4-((2-(4-((4-Chlorophenyl)phenylmethyl)piperazin-1-yl)− 2- 
oxoethyl)amino)-N-(pyridin-2-yl)benzenesulfonamide (3) 

From sulfapyridine (149 mg). Yield: (235 mg, 83 %) as yellow solid; 
mp: 144–146 ◦C; Rf = 0.66; FT-IR (KBr, cm− 1): νmax 2936, 2850 (C–H), 
3389, 3226 (N–H), 3061 (C–Harom.), 1632 (C=O), 1596, 1501 
(C––Carom.) 1330 (SO2); 1H NMR (400 MHz, DMSO‑d6): δ 2.73, 3.44, 
3.46 (m, 8H, Hpiperazine), 3.86 (s, 2H, CH2), 4.84 (s, 1H, CHbridge), 6.56 
(m, 1H, Hpyridine-3′), 6.70 (m, 1H, Hpyridine-5′), 7.07–7.67 (m, 14H, 
Harom.) 8.10 (dd, 1H, J = 7.9, 3.5 Hz, Hpyridine-6′), 10.30 (br.,1H, NH); 
13C NMR (100 MHz, DMSO‑d6): δ 44.4, 51.4 (Cpiperazine), 56.5 (CH2), 
74.0 (Cbridge), 111.5 (Cpyridine-3′), 117.5 (Cpyridine-5′+Carom.), 126.2, 
128.1, 130.0, 130.2 131.9, 139.2, 141.8, 142.5 (Carom.), 152.0 (Cpyridine- 
6′), 153.2 (Cpyridine-2′), 172.3 (C=O). Elemental analysis calcd for 
C30H30ClN5O3S (576.11): C, 62.55; H, 5.25; N, 12.16. Found: C, 62.48; 
H, 5.17; N, 12.09. 

2.3.2. 4-((2-(4-((4-Chlorophenyl)phenylmethyl)piperazin-1-yl)− 2- 
oxoethyl)amino)-N-(pyrimidin-2-yl)benzenesulfonamide (4) 

From the sulfadiazine (150 mg). Yield: 233 mg, (81 %) as yellow 
solid; mp: 159–161 ◦C; Rf = 0.82; FT-IR (KBr, cm− 1): νmax 3258, 3355 
(NH), 3070, 2962, 2811 (C–H), 1652 (C=O), 1581 (C––Carom.), 1324 
(SO2); 1H NMR (400 MHz, DMSO‑d6): δ 2.94, 3.49 (m, 8H, Hpiperazine), 
3.59 (s, 2H, CH2), 5.73 (s, 1H, CHbridge), 6.09 (br., 1H, NH), 7.02 (m, 1H, 
Hpyrimidine-5′), 7.27–7.57 (m, 13H, Harom), 8.34 (m., 2H, Hpyrimidine- 
4′+Hpyrimidine-6′), 11.34 (br, 1H, NH); 13C NMR (100 MHz, DMSO‑d6): δ 
47.0, 51.4, (Cpiperazine), 56.5 (CH2), 74.0 (Cbridge), 112.6, 116.0, 125.3, 
127.7, 128.1, 128.3, 129.0, 129.3, 129.7, 129.9, 130.3, 132.0, 139.3, 
142.0 (Carom.+CPyrimidine-5′), 157.7 (Cpyrimidine-4′+Cpyrimidine-6′), 170.3 
(C = O+Cpyrimidine-2′). Elemental analysis calcd for C29H29ClN6O3S 
(577.10): C, 60.36; H, 5.07; N, 14.56. Found: C, 60.30; H, 5.01; N, 14.50. 

2.3.3. 4-((2-(4-((4-Chlorophenyl)phenylmethyl)piperazin-1-yl)− 2- 
oxoethyl)amino)-N-(4,6-dimethyl pyrimidin-2-yl)benzenesulfonamide (5) 

From sulfamethazine (167 mg). Yield: 254 mg (84 %) as yellow 
brown solid; mp: 155–157 ◦C; Rf = 0.74; FT-IR (KBr, cm− 1): νmax 3050, 
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2962, 2813 (C–H), 1755 (C=N), 1655 C=O, 1597, 1542, 1487 
(C––Carom.), 1330 (SO2); 1H NMR (400 MHz, DMSO‑d6): δ 2.33 (s, 6H, 
2xMe), 2.93, 2.99, 3.53 (m, 8H, Hpiperazine), 3.56 (s, 1H, CH2), 4.89 (s, 
1H, CHbridge), 6.71 (s, 1H, NH), 7.07 (s, 1H, Hpyrimidine-5′), 7.26–7.85 (m, 
13H, Harom.), 11.37 (br.,1H, NH); 13C NMR (100 MHz, DMSO‑d6): δ 24.6 
(2xMe), 45.9, 51.8 (Cpiperazine), 56.5 (CH2), 74.1 (Cbridge), 109.4 (Cpyr

imidine-3′), 111.5, 126.2, 127.9, 128.2, 129.2, 129.4, 130.0, 131.0, 132.0, 
142.3, 144.7 (Carom.), 164.6 (Cpyrimidine-4′), 165.6 (Cpyrimidine-2′), 170.4 
(C=O+Cpyrimidine-6′). Elemental analysis calcd for C31H33ClN6O3S 
(605.15): C, 61.53; H, 5.50; N, 13.89. Found: C, 61.47; H, 5.43; N, 13.84. 

2.3.4. 4-((2-(4-((4-Chlorophenyl)phenylmethyl)piperazin-1-yl)− 2- 
oxoethyl)amino)-N-(5-methyl-isoxazol-3-yl)benzenesulfonamide (6) 

From sulfamethoxazole (152 mg). Yield: 232 mg (80 %) as yellow- 
brown solid; mp: 120–122 ◦C; Rf = 0.78; FT-IR (KBr, cm− 1): νmax 
3221, 3351 (N–H), 3058, 3026, 2962, 2925, 2813 (C–H), 1660 (C=O), 
1595, 1488 C=C; 1H NMR (400 MHz, DMSO‑d6): δ 2.31 (s, 1H, Me), 
2.99, 3.40 (m, 8H, Hpiperazine), 3.56 (s, 2H, CH2), 5.36 (s, 1H, CHbridge), 
6.32 (s, 1H, Hmethoxazole-4′), 6.72 (br s., 1H, NH), 6.99–7.71 (m, 13H, 
Harom). 10.52 (br s., 1H, NH); 13C NMR (100 MHz, DMSO‑d6): δ 12.6 
(Me), 46.1, 51.8 (Cpiperazine), 54.2 (CH2), 74.1 (Cbridge), 95.8 (Cmethox

azole-4′), 113.1, 123.0, 127.6, 128.1, 128.3, 129.0, 129.2, 129.9, 131.9, 
142.0, 142.4 (Carom.), 151.4 (Cmethoxazole-5′), 164.9 (C=O), 170.5 (Cme

thoxazole-3′). Elemental analysis calcd for C29H30ClN5O4S (580.10): C, 
60.04; H, 5.21; N, 12.07; S, 5.53. Found: C, 59.93; H, 5.12; N, 11.99. 

2.3.5. 4-((2-(4-((4-Chlorophenyl)phenylmethyl)piperazin-1-yl)− 2- 
oxoethyl)amino)-N-(thiazol-2-yl)benzenesulfonamide (7) 

From sulfathiazole (153 mg). Yield: 21 mg (83 %) as yellow solid; 
mp: 132–135 ◦C; Rf = 0.81; FT-IR (KBr, cm− 1): νmax 3390 (N–H), 3058, 
3026, 2926, 2811 (C–H), 1653 (C=O), 1597, 1509 (C=C), 1330(SO2); 
1H NMR (400 MHz, DMSO‑d6): δ 2.94, 3.47 (m, 8H, Hpiperazine), 3.79 (s, 
2H, CH2), 4.86 (s, 1H, Hbridge), 6.80 (br s., 1H, Hthiazole-5′), 7.19–7.77 (m, 
14H, Harom.+Hthiazole-4′), 12.52 (br s.,1H, NH); 13C NMR (100 MHz, 
DMSO‑d6): δ 44.4, 51.3 (C Cpiperazine), 56.5 (CH2), 74.0 (Cbridge), 112.9 
(Cthiazole5’), 124.7, 127.9, 128.2, 128.3, 129.1, 129.2, 130.1, 132.0, 
136.8, 141.8, 142.3 (Carom.+Cthiazole-4′), 171.0 (C=O), 173.6 (Cthiazole- 
2′). Elemental analysis calcd for C28H28ClN5O3S2 (582.13): C, 57.77; H, 
4.85; N, 12.03. Found: C, 57.71; H, 6.01; N, 11.96. 

2.3.6. 4-((2-(4-((4-Chlorophenyl)phenylmethyl)piperazin-1-yl)− 2- 
oxoethyl)amino)benzenesulfonic acid (8) 

From sulfanilic acid (179 mg). Yield: 206 mg (81 %) as brown solid; 
mp: 150–152 ◦C; Rf =0.74; FT-IR (KBr, cm− 1): νmax 3419 (O–H and 
N–H), 3058, 3027, 2963, 2916, 2857, 2813 (C–H), 1648 (C=O), 1602 
(C=C), 1336 (SO2); 1H NMR (400 MHz, DMSO‑d6): δ 3.40, 3.51, 3.53 
(m, 8H, Hpiperazine), 3.92 (s, 2H, CH2), 5.22 (s, 1H, CHbridge), 6.57 (s, 1, 
NH), 7.24–7.82 (m, 17H, Harom), 8.34 (s, 1H, OH); 13C NMR (100 MHz, 
DMSO‑d6): δ 56.5 (CH2), 44.0, 51.5 (Cpiperazine), 74.1 (Cbridge), 112.7 
(Csulfonic acid-2′+Csulfonic acid-6′), 124.7, 127.9, 128.2, 128.3, 129.1, 129.2, 
129.4, 130.0, 132.0, 136.8, 141.7, 142.3 (Carom.), 170.4 (C=O)). 
Elemental analysis calcd for C25H26ClN3O4S (500.01): C, 60.05; H, 5.24; 
N, 8.40. Found: C, 60.00; H, 5.24; N, 8.34. 

2.3.7. 4-((2-(4-((4-Chlorophenyl)phenylmethyl)piperazin-1-yl)− 2- 
oxoethyl)amino)benzene sulfonamide (9) 

From sulfanilamide (196 mg). Yield: 197 mg (79 %) as brown solid; 
mp: 96–98 ◦C; Rf = 0.88; FT-IR (KBr, cm− 1): νmax 3426 (N–H), 3024, 
2966, 2854 (C–H), 1652 (C=O), 1596 (C=C), 1335 (SO2); 1H NMR 
(400 MHz, DMSO‑d6): δ 3.05, 3.07, 3.52 (m, 8H, Hpiperazine), 3.88 (s, 2H, 
CH2), 4.84 (s, 1H, CHbridge), 6.36 (br., 1H, NH2), 7.05–7.77 (m, 13H, 
Harom), 9.90 (br.,1H, NH); 13C NMR (100 MHz, DMSO‑d6): δ 46.0, 51.8 
(Cpiperazine), 54.2 (CH2), 74.1 (Cbridge), 112.9 (Csulfonamide-2′+Csulfonamide- 
6′), 127.0, 127.7, 128.1, 129.0, 129.2, 129.9, 131.9, 137.1, 141.9, 142.3 
(Carom.), 172.5 (C=O). Elemental analysis calcd for C25H27ClN4O3S 
(499.03): C, 60.17; H, 5.45; N, 11.23. Found: C, 60.01; H, 5.29; N, 11.08. 

2.3.8. 2,2′-((Sulfonyl-bis(4,1-phenylene))bis(azanediyl))bis(1-(4-((4- 
chlorophenyl)phenylmethyl) piperazin-1-yl)ethan-1-one) (10) 

From dapsone (149 mg). Yield: 383 mg (85 %), as yellow solid; mp: 
129–132 ◦C; Rf =0.63; FT-IR (KBr, cm− 1): νmax 3243 (N–H), 3040, 
3070, 2962, 2923, 2812, (C–H), 1651(C=O), 1596 (C=C), 1317 (SO2,); 
1H NMR (400 MHz, DMSO‑d6): δ 2.94, 3.86 (m, 8H, Hpieprazine), 3.43 (s, 
2H, CH2), 5.06 (s, 1H, CHbridge), 6.32 (s,1H, NH), 6.66–7.87 (m, 26H, 
Harom); 13C NMR (100 MHz, DMSO‑d6): δ 54.2 (CH2), 45.1, 51.8 (Cpi

perazine), 73.9 (Cbridge), 112.91, 126.4, 127.9, 128.1, 129.0,129.2, 129.3, 
129.9,1 129.3, 132.0, 141.7, 142.1 (Carom.), 173.3 (C=O). Elemental 
analysis calcd for C50H50Cl2N6O4S (901.95): C, 66.58; H, 5.59; N, 9.32. 
Found: C, 66.46; H, 5.47; N, 9.21. 

2.4. General procedure for the synthesis of 1-(4-chlorobenzhydryl) 
piperazine conjugated 2-aminothiazole derivatives (14–16) 

To a suspension of 2 (300 mg, 0.83 mmol) and K2CO3 (171 mg, 1.24 
mmol) in EtOH (20 mL), 2-aminothiazole derivatives (0.83 mmol) and a 
catalytic amount of KI (8 mg, 0.049 mmol) were added. The resulting 
mixture was stirred at 20 ◦C for 2 h (followed by TLC). The suspension 
was filtered, and the filterate was evaporated to dryness. The residue 
was suspended in water (10 mL) and extracted with CH2Cl2 (3 × 30 mL). 
The combined organic layers were dried (Na2SO4), filtered and evapo
rated to dryness. The crude product was purified on a short column of 
SiO2 (5 g) using hexane-EtOAc (3:2) as eluent to give the desired pure 
product. 

2.4.1. 1-(4-((4-Chlorophenyl)phenylmethyl)piperazin-1-yl)− 2-((4-((4- 
hyroxyphenyl)amino)thiazol-2-yl)amino)ethan-1-one (14) 

From 4-((2-aminothiazol-4-yl)amino)phenol (11) (172 mg). Yield: 
346 mg (78 %) as brown solid; mp: 92–94 ◦C; Rf = 0.89; FT-IR (KBr, 
cm− 1): νmax 3340, 3249 (N–H + OH), 3059, 2973, 2936, 2801 (C–H), 
1646 (C=O), 1513, 1473 (C=C); 1H NMR (400 MHz, DMSO‑d6): δ 2.94, 
3.86 (m, 8H, Hpieprazine), 3.90 (s, 2H, CH2), 5.45 (s, 1H, CHbridge), 5.72 (s, 
1H, Hthiazole-5), 6.15 (s, 1H, NH), 7.02–7.47 (m, 13H, Harom), 8.83 (s, 1H, 
NH), 9.27 (br s., 1H, OH); 13C NMR (100 MHz, DMSO‑d6): δ 45.1, 51.8 
(Cpiperazine), 60.4 (CH2), 74.1 (Cbridge), 104.1 (Cthiazole-5), 115.5, 116.6, 
121.2, 127.7, 128.0, 128.1, 129.0, 129.1, 129.9, 131.7, 133.0, 139.9, 
142.1 (Carom.), 149.0 (C–OH), 153.4 (Cthiazole-4), 162.5 (Cthiazole-2), 
172.5 (C=O). Elemental analysis calcd for C28H28ClN5O2S (534.08): C, 
62.97; H, 5.28; N, 13.11. Found: C, 62.86; H, 5.16; N, 13.00. 

2.4.2. 1-(4-((4-Chlorophenyl)phenylmethyl)piperazin-1-yl)− 2-((4-(4- 
hyroxyphenyl)thiazol-2-yl) amino)ethan-1-one (15) 

From 4-((2-aminothiazol-4-yl)phenol (12) (mg). Yield: mg (74 %); as 
brown solid; mp: 74–76 ◦C; Rf = 0.87; FT-IR (KBr, cm− 1): νmax 3390 
(OH), 3197 (NH), 3050, 2974, 2938, 2854 (C–H), 1619 (C=O), 1514, 
1472 (C=C); 1H NMR (400 MHz, DMSO‑d6): δ 2.95, 3.41 (m, 8H, Hpie

prazine), 3.57 (s, 2H, CH2), 5.72 (s, 1H, CHbridge), 6.15 (s, 1H, NH), 7.09 (s, 
1H, Hthiazole-5), 7.15–7.86 (m, 13H, Harom), 6.87 (s, 1H, NH), 9.80 (s., 
1H, OH); 13C NMR (100 MHz, DMSO‑d6): δ 45.8, 51.6 (Cpiperazine), 60.5 
(CH2), 73.9 (Cbridge), 110.7 (Cthiazole-5), 115.9, 124.0, 126.1, 128.7, 
129.6, 129.8, 131.1, 141.1 Carom.), 153.1 (Cthiazole-4), 158.1 (C–OH), 
166.9 (Cthiazole-2), 169.4 (C=O). Elemental analysis calcd for 
C28H27ClN4O2S (519.06): C, 64.79; H, 5.24; N, 10.79. Found: C, 64.72; 
H, 5.16; N, 10.71. 

2.4.3. 1-(4-((4-Chlorophenyl)phenylmethyl)piperazin-1-yl)− 2-((5- 
methoxyvenzo[d]thiazol-2-yl)amino)ethan-1-one (16) 

From 2-amino-5-methoxybenzothiazole (13) (mg). Yield: mg (79 %); 
as brown solid; mp: 135–137 ◦C; Rf = 0.67; FT-IR (KBr, cm− 1): νmax 3297 
(NH), 3050, 2963, 2902, 2830 (C–H), 1652 (C=O), 1575, 1543, 1468 
(C=C); 1H NMR (400 MHz, DMSO‑d6): δ 2.94, 3.44 (m, 8H, Hpieprazine), 
3.57 (s, 2H, CH2), 3.79 (s, 3H, OMe), 5.38 (s, 1H, CHbridge), 6.80 (s, 1H, 
NH), 7.07–7.52 (m, 12H, Harom); 13C NMR (100 MHz, DMSO‑d6): δ 47.3, 
51.2 (Cpiperazine), 56.5 (OMe), 60.4 (CH2), 73.9 (Cbridge), 106.0 

N.A. Al-Masoudi et al.                                                                                                                                                                                                                         



Journal of Molecular Structure 1298 (2024) 137028

4

(Cbenzothiazole-4), 113.3 (Cbenzothiazole-6), 118.5 (Cbenzothiazole-7a), 127.7, 
128.1, 129.1, 129.2, 129.9, 132.0, 141.8, 142.2, 142.3 Carom.), 147.3 
(Cbenzothiazole-3a’), 154.8 (Cbenzothiazole-5), 168.3 (C=O), 170.4 (Cbenzo

thiazole-2). Elemental analysis calcd for C27H27ClN4O2S (507.05): C, 
63.96; H, 5.37; N, 11.05. Found: C, 63.90; H, 5.31; N, 11.00. 

2.5. Biological assays 

2.5.1. In vitro anticancer activity 

2.5.1.1. Cancer cell lines. The human cancer cell lines utilized in this 
manuscript, including Capan-1, HCT-116, LN-229, NCI-H460, HL-60, K- 
562, H, and Z-138 cancer cells, were obtained from the American Type 
Culture Collection (ATCC, Manassas, VA, USA). The DND-41 cell line 
was acquired from the Deutsche Sammlung von Mikroorganismen und 
Zellkulturen (DSMZ Leibniz-Institut, Germany). Culture media were 
procured from Gibco Life Technologies, USA, and supplemented with 
10 % fetal bovine serum (HyClone, GE Healthcare Life Sciences, USA), 
except for the media for other cell lines, which were purchased from 
Sigma. 

2.5.1.2. Proliferation assays. The adherent cell lines LN-229, HCT-116, 
NCI-H460, and Capan-1 cells were plated in 384-well tissue culture 
plates (Greiner) at a density ranging from 500 to 1500 cells per well. 
Following an overnight incubation, the cells were exposed to seven 
different concentrations of the test compounds, ranging from 100 to 
0.006 μM. For the suspension cell lines HL-60, K-562, Z-138, and DND- 
41, densities ranging from 2500 to 5500 cells per well were used in 384- 
well culture plates containing the same concentration points of the test 
compounds. The cells were then incubated with the compounds for 72 h 
and subjected to analysis using the CellTiter 96® AQueous One Solution 
Cell Proliferation Assay (MTS) reagent (Promega), following the man
ufacturer’s instructions. Absorbance measurements were taken at 490 
nm using a SpectraMax Plus 384 (Molecular Devices), and the optical 
density (OD) values were utilized to determine the 50 % inhibitory 
concentration (IC50). Two independent experiments were conducted for 
compound testing. HeLa cells were seeded in 96-well microtiter plates at 
a concentration ranging from 1 × 104 to 3 × 104 cells/mL, depending on 
the doubling times of the specific cell line. Test agents were added in five 
10-fold dilutions (10–8 to 10-4 M). Fresh working dilutions were pre
pared on the day of testing. After 72 h of incubation, the cell growth rate 
was assessed using the MTS assay, following the previously described 
method [40]. Absorbance measurements were taken at 570 nm, and the 
OD values were used to calculate the 50 % inhibitory concentration 
(IC50). Each test was performed in duplicate in at least two separate 
experiments. 

2.5.2. Antioxidant assay by using DPPH radical scavenging method 
The DPPH (1,1-diphenyl-2-picrylhydrazyl) free radical scavenging 

assay was employed to evaluate the antioxidant activity of the synthe
sized compounds 3–10. Initially, a 0.2 mM solution of DPPH in ethanol 
was prepared. Then, 1.0 mL of this solution was added to 3.0 mL of 
compound solution in ethanol at various concentrations (1000, 900, 
800, 700, 600, 500, 250, 125, 62.5, 31.25 µg/mL). The mixture was 
vigorously shaken and left to stand at room temperature for 30 min. 
Subsequently, the absorbance was measured at 517 nm using a UV–VIS 
spectrophotometer (UV–VIS Shimadzu). The antioxidant activity of the 
tested compounds was determined by calculating the percentage of 
DPPH neutralization and comparing it to the standard antioxidant, 
ascorbic acid. The percent DPPH scavenging effect was calculated using 
the following equation: 

DPPHscavengingeffect(%)or%inhibition = (Ac(0) − AA(t))/Ac(0) × 100  

where Ac(0) represents the absorbance of the control at t = 0, and AA(t) 
is the absorbance of the antioxidant at t = 30 min. All measurements 

were performed in triplicate 

2.6. In silico studies 

2.6.1. Molecular docking 
Molecular docking of the compounds 7 and 10 with phosphoinosi

tide 3-kinases (PI3kδ), pdb: 4xe0, and tyrosine phosphatase PTPRC 
(CD45) pdb: 1ygr, were performed using Glide available in Maestro 
13.0. Before docking calculations, the LigPrep tool was used to generate 
the 2D and 3D conformations for the ligands [41]. Then hydrogen atoms 
were added following the adjustment of atoms charges, as well as Epik 
tool was used to generate the ionization states at pH 7.0 ± 1.0 [42]. 
Ligand conformations were generated using the OPLS3e force field using 
the default settings [43]. Poses were investigated and chosen based on 
the native ligands 40 L and PTR. Then, selected poses with higher 
binding affinities were submitted to molecular dynamic simulations to 
study the stability of their binding interactions with the active sites. The 
resulting docking outcomes were visualized using Biovia Discovery 
Studio 2020 software [44], followed by an analysis of the docking 
results. 

2.6.2. Molecular dynamics simulation and free energy calculations 
MD simulation method was used to analyze the dynamic motion of 

the compounds 7 and 10 in a complex with phosphoinositide 3-kinases 
(PI3kδ), pdb: 4xe0, and tyrosine phosphatase PTPRC(CD45) pdb: 1ygr, 
for 200 nanosecond simulation time [45]. The simulations were con
ducted using the maestro-Desmond software program with the OPLS3e 
force field [46,47], in a periodic cell boundary condition as an ortho
rhombic box, and the SPC water solvation method at 300 K. System 
energy was reduced, and generated using salt in such a precise con
centration of Na+ and Cl charge was provided. Temperature and pres
sure were adjusted using a Nose-Hoover chain thermostat maintaining a 
temperature of 300 K, and the pressure was maintained at 1.01 bar with 
Martyna-Tobias-Klein barostat. MD simulations were performed for 1 ns 
simulation runs under NVT at 300 K, followed by 100 ns under NPT 
ensemble. Finally, the results of the MD trajectories were analysed to 
determine root mean square deviation (RMSD), Root Mean Square 
Fluctuation (RMSF), and protein-ligand interaction. 

2.7. DFT calculations 

All DFT calculations were done using Gaussian 16 software [48]. The 
electronic structures of the studied compounds were freely geometry 
optimized in the gas phase using B3LYP [49] hybrid functional assisted 
with the 6–31+G(d,p) split-valence Pople basis set. To ensure that the 
calculated structures are global minima on the potential energy surface, 
the vibrational frequencies were also calculated at the same level of 
theory as with the optimization. The absence of imaginary frequencies 
was taken as evidence of the stability of the calculated structure. 

3. Results and discussion 

3.1. Chemistry 

1-(4-Chlorobenzhydryl) piperazine (1) scaffold has been selected as a 
key intermediate for the synthesis of novel 1-(4-chlorobenzhydryl) 
piperazine derivatives bearing sulfa drugs and thiazole precursors. Thus, 
treatment of 1 with chloroacetyl chloride in the presence of base 
afforded the acyl chloride analogue 2 (68 %). Reaction of 2 with various 
sulfa drugs such as: sulfapyridine, sulfadiazine, sulfamethazine, sulfa
methoxazole, sulfathiazole, sulfanilic acid and sulfanilamide in the 
presence of K2CO3/KI afforded 4-[(4-chlorophenyl)phenylmethyl)-N-(4- 
(arylsulfamoyl)phenyl] piperazine-1-carboxamide derivatives 3–9 in 
79–84 % yield. Analogously, treatment of 2.0 mole of compound 2 with 
1.0 mole of dapsone in the presence of the same reagents gave the bis- 
benzhydryl piperazine-dapsone 10 in 85 % yield (Scheme 1). 
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The structures of 3–10 were assigned on the basis of their IR, 1H, 13C 
and 2D NMR spectra, since they showed similar patterns of aromatic 
protons and carbon atoms and are presented in Supplementary data 
(Figs. S1–S24). In the 1H NMR spectra of 3–10, the benzyl protons 
appeared as singlets in the region δ 3.43–3.92 ppm whereas the bridge 
protons were resonated as singlets in the region δ 4.84–5.73 ppm. The 

broad singlets or multiplets in the region δ 2.73–3.86 ppm were assigned 
to the eight piperazine protons. H-3′, H-5′ and H-6′ of pyridine ring of 3 
appeared as multiplets or doublet of doublets at δ 6.56, 6.70 and 8.10 (J 
= 7.9, 3.5 Hz) ppm, respectively, while H-5′ and H-2′+H-6′ of compound 
4 resonated as multiplets at δ 7.05 and 8.34 ppm, respectively. In 
addition, H-5′, H-4′ and H-5′ of 5–7 were resonated as singlets at δ 7.07, 

Scheme 1. Synthesis of some novel 1-(4-chlorobenzhydryl) piperazine bearing sulfa drugs and dapson moiety.  

Scheme 2. Synthesis of some novel benzhydryl piperazine conjugated thiazole precursors.  
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6.32 and 6.80 ppm, respectively. 
The other aliphatic and aromatic protons have been fully analysed (c. 

f. Experimental section). In the 13C NMR spectra of 3–10, resonances in 
the region δ 56.5–45.2 ppm were assigned to benzyl carbon atom, 
whereas the signals at δ 74.1–73.9 ppm were belonged to the bridged 
carbon atom. Piperazine carbons atoms appeared in the region δ 
51.8–44.0 ppm. The other carbon atoms of aliphatic and aryl groups 
have been fully analysed (c.f. Experimental section). 

Next, treatment of the key intermediate 2 with 4-((2-aminothiazol-4- 
yl)amino)phenol (11), 4-((2-aminothiazol-4-yl)phenol (12) or 2-amino- 
5-methoxybenzothiazole (13) in the presence of K2CO3 and KI gave 
compounds 14–16 in 78, 74 and 79 % yield, respectively (Scheme 2). 

The structures of 14–16 were confirmed by their IR, 1H and 13C 
NMR. The benzhydryl piperazine protons showed a similar pattern 

(Figs. S25–S32). In the 1H NMR spectra of 14–16, the eight protons of 
piperazine were observed as multiplets within chemical shift range of δH 
2.94 and 3.90 ppm, while CH2 resonated as singlets at δH 3.90 and 3.57 
(2) ppm, respectively. Hbridge appeared as singlets at δH 5.45, 5.72 and 
5.38 ppm, respectively. Additionally, H-5 of the thiazole ring of 14 and 
15 was observed as singlets at δH 5.72 and 7.09 ppm, respectively. The 
aliphatic and aromatic protons were fully analysed (c.f. Experimental 
section). In the 13C NMR spectra of 14–16, the carbonyl carbon atoms 
(C=O) resonated within the range δC 168.4–172.5 ppm, while the res
onances at δC 162.5, 166.9 and 170.4 ppm assigned to the C-2 of the 
thiazole ring, respectively. The resonances at δC 153.4, 153.1 and 106.0 
ppm were assigned to C-4 of the thiazole or benzothiazole moieties, 
respectively, whereas C-5 of the same moieties was observed at δC 104.1, 
110.7 and 154.8 ppm, respectively. In addition, the bridge carbon atoms 
were detected at δC 74.1 and 73.9 (2) ppm The CH2 carbon atoms 
resonated at δC 60.5 ppm, and the piperazine carbon atoms were 
observed in the range δC 45.1 and 51.8 ppm. The other aromatic and 
aliphatic substituents carbon atoms were fully analysed (c.f. Experi
mental section). 

Compound 6 was selected for further NMR experiment. In the 
gradient-selected HMBC spectrum [50] NMR spectrum of 6 showed two 
3JC;H heteronuclear correlations of CH2 protons at δН 3.56 ppm with 
piperazine carbon atoms at δC 51.8 ppm, Additional CH2 protons 
revealed a 3JC;H correlation with the carbonyl carbon atom at δC 164.9 
ppm. Moreover, two 2JC;H correlations between H-4′ of isoxazole ring at 
6.32 ppm with both carbon atoms C-3 and C-5′ of isoxazole moiety at δC 
170.5 and 95.8 ppm, respectively were observed (Fig. 1). 

3.2. Biological activity 

3.2.1. In vitro anticancer screening 
The newly synthesized compounds 3–10 have been selected for 

screening of their anticancer activity on a diverse selection of human 
cancer cell lines: Capan-1-pancreatic adenocarcinoma, HCT-116- 
colorectal carcinoma, LN-229-glioblastoma, NCI-H460-lung carci
noma, DND-41-acute lymphoblastic leukemia, HL-60-acute myeloid 
leukemia, K-562-chronic myeloid leukemia, H and Z-138-non-Hodgkin 
lymphoma cancer cells (Table 1) using MTS assay [40]. For comparison 
purposes, etoposide, and necodazole were used as references standard. 
Table 1 demonstrated that compound 7 emerged as the most potent 
compound within the series. It demonstrated an IC50 value of 6.85 μM 
against the Z-138 cancer cell line, and an IC50 value of 22.00 μM against 
the DND-41 cancer cell line. Additionally, compound 10 exhibited an 
IC50 value of 7.40 μM against the DND-41 cancer cell lines, while dis
playing IC50 values of 32.15 μM and 34.75 μM against the Z138 and 
HL-60 cell lines, respectively. Furthermore, compounds 8 and 9 
demonstrated IC50 values of 38.75 μM and 38.73 μM, respectively, 
against the HL-60 and DND-41 cancer cell lines, respectively. 

Fig. 1. JC,H correlations in the NMR HMBC correlations of 6.  

Table 1 
In vitro anticancer activity against a broad panel of cancer cell lines.  

Comp.    IC50 

(μM)        

Cell 
lines     

Capan- 
1 

HCT- 
116 

LN229 DND-41 HL- 
60 

K562 Z138 

3 > 100 > 100 > 100 > 100 > 100 > 100 > 100 
4 51.6 > 100 > 100 45.95 48.10 84.70 48.95 
5 46.3 > 100 > 100 43.95 43.00 > 100 46.45 
6 93.90 > 100 > 100 45.25 92.30 > 100 39.80 
7 33.35 > 100 > 100 22.00 47.85 > 100 6.85 
8 55.50 > 100 94.80 46.35 38.75 62.20 41.70 
9 42.15 23.10 46.75 39.75 38.73 53.15 42.00 
10 42.80 > 100 44.30 7.40 34.75 > 100 32.15 
ETP 0.45 1.02 2.40 2.80 0.40 1.44 0.60 
NDZ 0.09 1.45 2.40 0.45 0.10 0.07 0.30 

ETP: Etoposide, NDZ: Necodazole. 

Table 2 
Antioxidant activity of new 1-(4-chlorobenzhydryl)piperazine analogues 3–10, and 14–16.  

Compd. % Inhibition conc.  

1000 900 800 700 600 500 250 125 62.5 31.25 

3 86.5 85.4 82.6 81.2 81.1 77.1 72.7 66.9 63.0 56.9 
4 86.5 85.4 82.6 81.2 80.1 72.7 66.9 63.5 60.5 54.4 
5 95.0 93.9 92.5 91.4 85.4 72.7 66.9 63.5 60.5 54.5 
6 93.1 84.8 69.6 59.9 54.7 48.3 23.2 20.4 18.0 16.9 
7 96.4 96.1 95.6 93.2 92.3 90.9 87.6 84.8 78.5 75.7 
8 79.0 74.3 63.5 61.6 60.8 47.8 42.0 23.2 6.1 0.0 
9 94.2 93.1 85.4 81.5 79.0 75.4 73.2 69.6 63.0 57.2 
10 79.0 76.8 74.6 72.7 66.9 59.9 52.8 47.5 32.3 6.1 
14 35.6 33.7 31.2 29.6 26.2 18.2 14.4 11.6 5.8 3.0 
15 16.9 3.3 0.6 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
16 80.4 76.5 73.5 71.5 63.0 57.5 55.5 48.1 47.0 32.9 
A.A. 99.7 99.2 98.3 98.1 97.5 97.2 96.1 95.3 94.8 93.6 

A.A. = Ascorbic acid. 
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The SAR study indicated that the anticancer activity of compounds 
3–10 was influenced by the substituents of the aryl amide ring. Specif
ically, compound 7, which featured a thiazole-sulfonamide substituent 
at the para position of the phenyl-amide ring, exhibited the most potent 
antitumoral activity, particularly against the Z138 cancer cell line. 
Moreover, compound 10 with a dapson moiety centered between two 
benzhydryl piperazine backbones, showed nearly comparable antitu
moral activity to compound 7 against the DND-41 cell line. These 

findings provide compelling evidence to explore the synthesis of various 
substituted thiazole-sulphonamide derivatives, as they have the poten
tial enhance the antiproliferative effects on different cancer cell lines. 

3.2.2. Antioxidant activity 
The antioxidant activity was performed using DPPH (1,1-diphenyl-2- 

picrylhydrazyl) radical scavenging assay [51], where ascorbic acid was 
used as a positive control for comparison. Method is based on the 

Fig. 2. The docking poses of the compounds (A) compound 7 and (B) compound 10 in the phosphoinositide 3-kinases (PI3kδ) and tyrosine phosphatase active sites 
(PDB ID’s: 4xe0 and 1ygr, respectively). The important amino acid residues involved in the polar and non-polar interactions are highlighted. 

Fig. 3. RMSD values of backbone atoms of compounds 7 (A), and compound 10 (B) in complex with phosphoinositide 3-kinases (PI3kδ) and tyrosine phosphatase 
active sites (PDB ID’s: 4xe0 and 1ygr, respectively). 

Fig. 4. RMSF profiles of the compounds. ((A) compound 7, (B) compound 10 (B), with phosphoinositide 3-kinases (PI3kδ) and tyrosine phosphatase active sites, 
respectively. 
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reduction of DPPH radicals solution in the presence of hydrogen 
donating antioxidant, due to the formation of the non-radical form 
DPPH–H. The results of antioxidant activity of compounds 3–10, and 
14–16 are shown in Table 2. The radical scavenging was expressed in 
terms of% inhibition at various concentrations 1000, 900, 800, 700, 
600, 500, 250, 125, 62.5 and 31.25 μM) which denotes the concentra
tion required to scavenge 50 % of DPPH radicals. As shown in Table 2, 
almost all compounds had low or no antioxidant activity in the DPPH 
assay. The% inhibition concentration in the DPPH assays was in the 
range of 0–75.7 μM DPPH at a solution concentration of 31.25 μM. 
Compound 7 exhibited highest antioxidant activity with inhibition of 
75.7 % at a concentration of 31.25 μM and 96.4 % at a concentration of 
1000 μM compared to the standard ascorbic acid (93.6 and 99.7 %, 
respectively). Compound 9 with sulfanilamide group exhibited antiox
idant activity (57.2 %) higher than compounds 3–5 with inhibition of 
56.9, 54.4 and 54.5 %, respectively. 

In particular, DPPH scavenging activity, only 7 demonstrated the 
almost high activity among the series. The activity fully based upon the 
presence of the thiazole moiety at end of the integrated sulfonamide 
scaffold. The other substituents like pyridine, and pyrimidines, tolyl, 
propyl and methyl made the compounds moderate active. Therefore, 
analogue 7 could be considered as a lead compound for further devel
opment for the DPPH scavenging activity 

4. Molecular docking study 

The objective of molecular docking calculations is to forecast the 
most probable interaction mechanism between a protein and a ligand 
[52]. Molecular docking of the synthesized compounds 7 and 10 were 
studied with the active sites of the phosphoinositide 3-kinases (PI3kδ) 
and tyrosine phosphatase PTPRC(CD45) PDB ID: 4xe0 and 1ygr, 

respectively. The prospective ligands were ranked according to the 
highest affinity of the best conforms. The calculated Glide binding en
ergy score for compound 7 is − 7.35 kcal/mol-1 (rmsd = 1.390), and for 
compound 10 is − 6.84 kcal/mol− 1 (rmsd = 1.420), respectively, indi
cating selectivity binding of this analogue to the active site of the protein 
receptors. 

Fig. 2(A) showed the docking of compound 7 oriented in an appro
priate position for its binding with the protein receptors of phosphoi
nositide 3-kinases (PI3kδ) via a hydrogen bond between O-32 and O-33 
of the sulfone moiety and Lys779 with a distance of 2.56 Å. It can be 
observed that compound 7 forms various hydrophobic interactions with 
Thr750, Trp760, Met752, Pro758, Ile777, Ile825, and Ile910 amino acid 
residues. Fig. 2(B) revealed the docking results of compound 10 with the 
tyrosine phosphatase PTPRC(CD45) (PDB: 1ygr). It showed two 
hydrogen bonds, the first one between O-3 of the carbonyl moiety and 
His797 with a 1.85 Å distance, and the second H-bond between O-32 
and O-33 of the sulfone moiety and Arg734 with the distance of 1.89 Å. 
This study suggests that the main factor that contributes to the stabili
zation of the receptor–inhibitor complexes is hydrophobic interactions. 

5. Molecular dynamics simulation 

Molecular dynamics simulation was utilized to study the stability of 
phosphoinositide 3-kinases (PI3kδ) (4XE0) and tyrosine phosphatase 
PTPRC(CD45) (1YGR) inhibitors, labelled as 7 and 10, respectively. The 
simulations spanned a duration of 200 ns, during which the dynamic 
stability and intermolecular interactions of the docked protein-ligand 
complexes were analysed. To assess the outcomes of each system over 
the 100 ns period for each system, various parameters such as protein- 
ligand root mean square deviation (RMSD), protein root mean square 
fluctuation (RMSF), and protein-ligand interactions were employed. 

5.1. Protein-Ligand root mean squared deviation (RMSD) 

The Root Mean Square Deviation (RMSD) is used to measure the 
average change in displacement of a selection of atoms for a particular 
frame with respect to a reference frame. It is calculated for all frames in 
the trajectory. The RMSD for frame x is: 

RMSDx =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1
N

∑N

i=1
(r′

i(tx)) − ri
(
tref

)
)2

√
√
√
√

where N is the number of atoms in the atom selection; t ref is the 
reference time, (typically the first frame is used as the reference and it is 
regarded as time t = 0); and r’ is the position of the selected atoms in 
frame x after superimposing on the reference frame, where frame x is 
recorded at time t x. The procedure is repeated for every frame in the 
simulation trajectory. The RMSD value of complex 7 was determined 
and found to be between 0.15 and 0.25 nm with an average of 0.24 nm. 
On the other hand, complex 10 shows an increase in RMSD value from 

Fig. 5. Ligand-protein contact histogram of compound 7 (A), compound 10 (B), (PDB ID’s: 4xe0 and 1ygr, respectively).  

Table 3 
Total energies, HOMO and LUMO energies, the HOMO-LUMO gaps (in atomic 
unit), and the dipole moment (in Debye) calculated by the B3LYP/6–31+G(d,p) 
level of theory in gas phase.  

Compd. ETotal (Hartree) Dipole 
(Debye) 

EHOMO 

(Hartree) 
ELUMO 

(Hartree) 
HOMO- 
LUMO 
gap 
(Hartree) 

3 − 2519.058381 7.082105 − 0.30520 − 0.19267 − 0.11253 
4 − 2535.102159 8.297892 − 0.30521 − 0.19263 − 0.11258 
5 − 2613.752914 8.400610 − 0.30518 − 0.19268 − 0.1125 
6 − 2556.136520 9.193558 − 0.30541 − 0.19138 − 0.11403 
7 − 2839.821056 10.169429 − 0.29203 − 0.19263 − 0.0994 
8 − 2291.839515 8.974026 − 0.30533 − 0.19235 − 0.11298 
9 − 2271.962831 9.076055 − 0.30528 − 0.19251 − 0.11277 
10 − 3883.439615 8.520905 − 0.30534 − 0.19230 − 0.11304 
14 − 3146.109177 10.143087 − 0.28604 − 0.19253 − 0.09351 
15 − 3201.453482 10.274079 − 0.26852 − 0.19261 − 0.07591 
16 − 2273.024582 2.868279 − 0.28115 − 0.19253 − 0.08862  
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(0.16 nm–0.32 nm) in the last 50 ns as shown in Fig. 3. This result in
dicates that complex 7 promotes higher stability within the phosphoi
nositide 3-kinases (PI3kδ) active site, and reflects the less stability of the 
bulky compound 10 to cause higher conformational changes along the 
interactions with tyrosine phosphatase active site during the simulation 
time. 

5.2. Protein RMSF 

The root mean square fluctuation (RMSF) is analysed to measure the 
residual fluctuation of amino acids. High RMSF values indicate the 
flexibility of the amino acids. However, low RMSF values of amino acid 
residues show the stability of those regions of amino acids in the re
ceptor. Analysis of the highest RMSF values for complex 7 found to be 

Fig. 6. The frontier orbitals of the studied molecules 3–10, and 14–16.  
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0.34 nm, 0.37 nm, and 0.43 nm, which belong to the loop of the C- 
terminal of 655–662 (cyan), 197–200 (green), and 317–329 (magenta) 
amino acid residues, respectively. Whereas the fluctuation profiles in 
complex 10 are located in the loop residue numbers 70–75, magenta, 
(0.34 nm) and 370–375, green, (0.49 nm) as shown in Fig. 4. 

In general, the fluctuation profiles in complexes 7 and 10 are located 
in different loops of amino acid residues which have high flexibility. This 
finding implies the high flexibility of compound 10 during the 
complexation in the active site of the tyrosine phosphatase PTPRC 
(CD45) receptor due to the bulkiness factor and increasing the number 
of rotatable bonds. 

5.3. Protein-Ligand contact 

Fig. 5 shows the number of hydrogen bonds during 100 ns between 
compounds 7 and 10 with the amino acid residues of the phosphoino
sitide 3-kinases (PI3kδ) and tyrosine phosphatase PTPRC(CD45), 

respectively. MD simulations were conducted to examine the protein- 
ligand interactions in complexes 7 and 10, and the results are depic
ted in Fig. 5. The results demonstrate the formation of stable complexes 
and highlight various intermolecular interactions that contribute to 
their stability throughout the simulation time. The receptor-ligand 
complexes exhibit a diverse array of interactions, including hydropho
bic interactions, hydrogen bonding, and water-bridge hydrogen bonding 
interactions. These interactions are crucial for maintaining the stability 
and integrity of the complexes during the MD simulation. Complex 7, 
Fig. 5A, ligand forms both hydrogen bonds and hydrogen-bonded 
mediated by a water molecule with specific residues such as Lys755, 
Lys779, and Asp911. In addition, nonpolar interactions form with 
Trp760, Tyr813, Met752, Ile 777, Ile 910, Ile825, and significant hy
drophobic interaction with Trp760 which is in agreement with our 
docking study. As for the second complex 10, Fig. 5B, distinct hydrogen 
bonds are observed with residues Asn654, Arg657, Asp677, Asp705, 
Arg734, and His797, while hydrophobic interactions are observed with 

Fig. 6. (continued). 
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residues Pro650, Tyr658, Val659, and Leu869. These specific in
teractions are pivotal for the stability of this complex. 

6. DFT calculations 

Some of the calculated electronic properties of the studied com
pounds 3–10, and 14–16 (including total energies, HOMO and LUMO 
energies, HOMO-LUMO gaps, and the dipole moments) are listed in 
Table 3, whereas the frontier orbitals are shown in Fig. 6. 

As depicted in Fig. 6, the HOMO energies of compounds 3 to 10 
exhibit separation across the chlorobenzene moiety, except for ana
logues 6 and 7. These energies are nearly degenerate and fall within the 
range of − 0.30518 to − 0.30533 a.u., as shown in Table 3. On the other 
hand, the LUMO in these molecules is localized above the chlorophenyl 
ethyl-benzene moiety. For compounds 6 and 7, the HOMO is situated 
differently, with compound 6′s HOMO spanning the isoxazolyl- 
methylamino-benzenesulfonamide moiety and also extending to cover 
the chlorobenzene precursor, while compound 7′s HOMO is centered 
over the azaneyl-thiazolyl-benzenesulfonamide moiety. The HOMO- 
LUMO gap energies in these molecules exhibit similar values, with 
compound 7 having the smallest gap energy. For compounds 14–16, the 
LUMO is situated over the chlorophenyl ethyl-benzene moiety, whereas 
the HOMO is distributed differently. Specifically, for compound 14, the 
HOMO covers the azaneyl-thiazolyl-phenol moiety with an energy of - 
0.28604 a.u. For compound 15, the HOMO extends over the 
aminothiazolyl-aminophenol moiety, possessing an energy of - 0.26852 
a.u. Lastly, for compound 16, the HOMO is separated over the 
5‑methoxy-methylbenzothiazolamine moiety, with an energy of - 
0.28115 a.u. In general, the HOMO-LUMO gap energies of these mole
cules are smaller compared to compounds 3–10, with values falling 
within the range of - 0.05859 to - 0.09351 a.u. The frontier orbitals of 
the studied molecules are notably separated, indicating a significant 
degree of charge transfer. This observation suggests that these molecules 
could be promising candidates for exhibiting Non-Linear Optical 
properties 

7. Conclusions 

In this study, a range of 1-(4-chlorobenzhydryl) piperazine de
rivatives carrying sulfa drugs and substituted 2-aminothiazole de
rivatives 3–10, and 14–16 were synthesized from 1-(4- 
chlorophenylbenzhydryl) piperazine (1) via the key intermediate 1- 
allyl-4-((4-chlorophenyl) phenylmethyl) piperazine (2). Subsequently, 
the synthesized compounds were subjected to evaluation for their po
tential antiproliferative activity against seven different human cancer 
cell lines. Interestingly, derivatives 7 and 10 displayed the most prom
ising activity among the entire series, particularly against the Z-138- 
non-Hodgkin lymphoma and the DND-41-acute lymphoblastic leuke
mia, respectively. The study also included an assessment of the antiox
idant activity of all the synthesized compounds. Compound 7 showed 
moderate DPPH scavenging activity, setting it a part from the rest of the 
series. Additionally, a molecular docking study was conducted on 
compound 7, revealing intriguing binding interactions between its 
substituents and the phosphoinositide 3-kinase (protein PI3kδ))  as well 
as residues of compound 10 with the receptor tyrosine phosphatase 
PTPRC (CD45). These findings provide valuable insights for designing 
novel substituted-benzhydryl piperazine analogues with significant po
tential as anticancer agents, as well as for guiding future structural 
modifications. In addition, the molecular dynamics simulation of com
pounds 7 and 10 has been studied. The density functional theory (DFT) 
has been applied to investigate all the newly synthesized compounds. 

Appendix A. Supplementary data 

Supplementary data related to this article can be found at https:// 
doi.org./10. . 
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